A new diluent (ADGP) for the rubella virus hemagglutination (HA) and hemagglutination-inhibition (HI) tests is described. It was found that the HA and HI titers and the erythrocyte agglutination pattern were improved in ADGP compared to previously described diluents. 
Several diluents, different from the dextrosegelatin-Veronal buffered saline (DGV) diluent, pH 7.2, originally used by Stewart et al. (12) , have been recommended for the rubella virus hemagglutination (HA) and hemagglutinationinhibition (HI) tests. Halonen et al. (6) described a diluent consisting of a mixture of DGV and bovalbumin-borate saline (BABS). HA titers were two-to eightfold greater when the pH of the diluent was 5.8 to 6.6 than in the same diluent at pH 7.0 to 7.2. Furukawa et al. (5) used phosphatebuffered saline at pH 6.3 containing 10-3 M CaCI2 and 103W M MgCl2; the divalent ions were essential for the HA reaction but the pH was not critical. More recently, Auletta et al. (1) found that the HA titers of a number of rubella virus preparations were two-to fourfold higher in a diluent composed of saline with 10-2 M CaCl2 and 10-36 M MgSO4, at pH 7.1, and that the agglutination of the red cells in the saline-Cad -Mg++ diluent was more complete than in DGV. These different reports indicate that the rubella virus HA reaction is fastidious and that the optimal conditions for this reaction should be investigated more thoroughly. This report defines some of the requirements for optimal rubella virus HA and HI reaction and describes a diluent which improved not only the HA titers of rubella virus preparations, but also the erythrocyte agglutination pattern.
1 Taken in part from a thesis submitted by H. J. Dold in partial fulfillment of the requirements for a Master of Science degree from the University of Illinois.
MATERIALS AND METHODS
Virus strain. The Gilchrist strain of rubella virus, obtained from J. Sever, was passaged 12 to 18 times in primary African green monkey kidney (AGMK) cells or 5 to 7 times in BHK-21 cells. Stocks of AGMK-adapted virus had infectivity titers of 102 8 to 4-4 TCIND50 per ml. All infectivity titrations were determined by the interference test in AGMK cells with Coxsackie A-9 as the challenge virus.
Tissue cultures. BHK-21 cells were grown in stationary flasks or roller bottles at 35 C in Eagle basal medium in Earle balanced salt solution supplemented with 10% fetal calf serum, and 100 units of penicillin and 100 ug of streptomycin per ml. Primary AGMK cells were grown in tubes or in roller bottles at 37 C in Eagle basal medium in Hanks balanced salt solution, supplemented as described for BHK-21 cells.
BHK-21 cells were maintained on serum-free Eagle basal medium in Earle balanced salt solution contain ing antibiotics. AGMK cells were maintained on the same medium supplemented with 1 to 2% fetal calf serum. Simian virus-5 antiserum (minimum neutralizing titer = 1: 320/ml) was added to all AGMK media, at 0.3 ml/100 ml of medium.
Rubella virus HA production. Monolayers of BHK-21 or AGMK cells in roller bottles or flat glass bottles were washed twice with 15 ml of Hanks' balanced salt solution. Each culture was inoculated with 10 ml of the respective BHK-21-or AGMK-adapted rubella virus. After 90 min at 25 C, 25 ml of maintenance medium was added to each flask. The cultures were incubated at 34 C for 4 to 7 days. A 1-ml sample of medium was tested daily for hemagglutinins. When peak HA titers were detected, the culture fluids were harvested, centrifuged at 250 X gfor 5 min, and stored at -70 C. Control fluids from uninoculated cultures were prepared in the same manner. Sera. The origin and preparation of the sera used in this study have been described previously (3) .
HA and HI tests. Disposable "U"-type plastic trays (Linbro Chemical Co.) and micropipettes and microloops were used for these tests. The HA titrations were performed by serial dilution of 0.05 ml of the rubella virus preparations through 10 wells containing 0.05 ml of the diluent. A 0.05-ml drop of the RBC suspension was added to each well. Several wells containing only 0.05 ml of the diluent and 0.05 ml of the RBC suspension were always included as RBC controls. The plate was sealed, thoroughly mixed, and placed at 4 C for 1 to 2 hr. For the HI tests, 0.025 ml of the serum was serially diluted through 10 wells containing 0.025 ml of the diluent; four HA units in 0.025 ml of the diluent was added and, after a brief mixing, 0.05 ml of the RBC suspension was added to each well. A control titration was always included for each serum being tested, performed as described above, except 0.025 ml of diluent was added to each well instead of the rubella virus HA preparation.
These procedures were carried out at room temperature by using diluents and RBC suspensions precooled to 4 (Table 1 ). In ADGP, the HA titers were two-to fourfold higher than in BABS and four-to eightfold higher than in DGV. By subjective evaluation of the HA patterns, the RBC agglutination in ADGP was complete at the highest positive dilution of the antigen and was clearly distinct from the RBC button at the next higher dilution. The cell aggregates in the HA-positive reactions were large, giving a granular appearance to the pattern which allowed a clear determination of the end point. Patterns of only partial HA were present in most tests performed in DGV and BABS diluents.
Evaluation of diluent components. Because the highest HA titers and complete cell agglutination occurred in ADGP, an attempt was made to delineate which component(s) of the diluent was essential for this enhancement. One or more of the components of ADGP was omitted from the test diluent and the effect on the HA test was determined (Fig. 1) . In complete ADGP, the titration could be read in 1 to 1.5 hr after the 0.15% RBC suspension was added, and the HA patterns remained stable at 4 C overnight. The presence of albumin had no direct effect on the titer or on the RBC pattern, but without this additive the agglutinated RBC tended to slide into a button, and four-to eightfold lower titers were sometimes recorded. In diluent without dextrose, there was a tendency for the red cells to hemolyze. Occasionally, in the absence of dextrose, the HA titers were twofold lower than in the complete diluent. Gelatin was necessary for the rapid development of the agglutination pattern. Without gelatin, the red cells settled slowly, often requiring an overnight incubation at 4 C. The titers recorded in Fig. 1 for diluents in which gelatin was omitted were determined after 18 hr instead of the usual 1.5 hr. Both calcium and magnesium were essential for optimal HA reactions. When either cation was omitted, neither maximal HA titers nor optimal agglutination developed. The concentration of Ca++ ions was not critical, however. HA reactions were observed in diluent containing as little as 10-5 M CaC12. At 10-3 M CaCI2 concentration the HA patterns were most distinct. It was observed that a nonspecific aggregation of erythrocytes occurred in diluent containing 10 Effect of pH on HA titers and patterns. The effect of the pH of ADGP on the titer of the HA antigen and on the appearance of the RBC agglutination was next evaluated. The proportions, but not the molar concentration, of the two phosphate salts, Na2HPO4 and NaH2PO4, were varied to adjust the pH of ADGP. HA tests were performed in ADGP in the pH range of 5.7 to 8.0. Each diluent at a particular pH was used to dilute the HA antigen and to suspend the RBC. HA was evident over the entire range of pH studied. Highest HA titers with distinct end points developed at pH 6.0 to 6.3 (Fig. 2) . HA titers at pH 6.2 were two-to fourfold higher than at pH 7.4 and were four-to eightfold higher than at pH 8.0.
The chemical nature of the buffer salts was found to have an effect on the titer and the RBC agglutination pattern. Several rubella virus preparations were titrated in standard ADGP, in DGV, and in ADGP in which the phosphate buffer was substituted by 0.01 M tris(hydroxymethyl)aminomethane -hydrochloride buffer (ADGT). The pH of each diluent was adjusted to pH 6.3 and to 7.2. The HA titer of a particular rubella virus preparation was always higher at pH 6.3 than at pH 7.2, regardless of the buffer salts used. The HA titers in all three diluents a one pH were the same within a twofold range. However, the RBC agglutination pattern in the terminal dilutions was more granular in ADGP than in DGV or ADGT.
Red blood cells. RBC suspended in ADGP to a concentration of 0.15%, from chickens newly hatched through 48 Tween-ether-treated rubella virus HA preparations were found to be quite stable. Treated samples were incubated at 56, 35, 23, and 4 C, and a sample of each sample was taken at the times indicated in Table 4 for HA titration. The HA titer of one rubella virus preparation in a typical experiment was originally 32. After 5 mi at 56 C, the titer was <2. At 35 C, the HA titer remained at 32 for 2 hr and then declined to <2. At room temperature (23 C) or at 4 C, the HA titer was stable for at least 24 hr. When these preparations were stored at -20 C for 6 months or at -70 C for 20 months (the longest period these antigens were stored for this study), the titers were unchanged.
Incubation temperature. Since the rubella virus HA was stable for at least 2 hr at 35 C, it was possible to determine the effect of temperature on the HA test.
The highest HA titers were obtained when the virus-RBC pattern was allowed to develop at 4 C. Fourfold lower titers were observed when the tests were kept at 23 C. HA patterns failed to develop at 35 C. The HA pattern that developed at 4 C in ADGP was stable when the test was left at room temperature for 48 hr.
Factors affecting the HI test. The data presented above indicated that the ADGP diluent, at pH 6.3, was superior to the DGV diluent originally used by Stewart et al. (12) for the HA test. ADGP was therefore evaluated as a diluent for the HI test. Six samples of human serum were diluted in parallel with DGV, BABS, and ADGP diluents, and the resultant HI titers were compared. As shown in Table 5 , HI titers were not significantly different (<2-fold) regardless of the 256 NT a Serial dilutions of serum were made and 4 HA units were added; plates were held at temperatures indicated before RBC (0.15%) was added at indicated times.
& Not tested. buffer used. It was observed, however, that the erythrocyte agglutination patterns developed most rapidly and that the end points were most distinct in ADGP diluent. In most cases, the end points could be read within 0.75 to 1.5 hr. In contrast, end points in DGV and BABS in the same period of time often had not developed.
In the HI test, viral antibodies compete with red blood cells for attachment to the virus. In order to allow optimal binding between virus and antibody, the virus-serum mixtures were incubated under different conditions before the addition of erythrocytes. Separate plates containing equivalent serum-virus mixtures were incubated at 4, 23, or 35 C. At specified times, RBC were added to the reaction mixtures and the patterns were allowed to develop at 4 C. The results of a representative experiment are given in Table 6 . After the serum and virus were mixed and refrigerated at 4C, the HI titers were the same, whether the RBC was added almost immediately or up to 18 hr later. When the serum-virus mixture was incubated for 1 hr at 23 C, no significant difference in the HI titer was found; however, a fourfold drop in titer developed when the mixture was incubated at 23 C for 18 hr. When the serumvirus mixture was incubated at 35 C for 5 min, an eightfold reduction in the HI titer resulted, compared to the HI titer at 4 C; after 60 min at 35 C the titer was < 8. According to these findings, there was no requirement for a preincubation of the serum-virus mixture before the addition of RBC in the HI test.
DISCUSSION
The erythrocyte agglutination due to rubella virus is clearly not a granular HA pattern when either DGV or BABS diluents are used in the rubella virus HA and HI tests. The differences in the sedimentation pattern of the RBC in control wells and in the HA-positive wells in these two diluents are often so slight that it is difficult to establish an end point. The complex composition of these diluents indicated that rubella virus HA is fastidious and that specific cofactors are required for the HA reaction to develop optimally and reproducibly. It was found here and it has been shown previously (1) that rubella virus HA agglutinates RBC poorly, if at all, in diluent containing only NaCl. The divalent cations, calcium and magnesium, are important for the development of the HA pattern. Other constituents that potentiated this reaction were gelatin, bovine albumin, and dextrose. Gelatin (0.03 %) increased the rate of RBC sedimentation; without gelatin the erythrocytes remained in suspension for many hours. Bovine albumin (0.03 %) stabilized the HA-RBC reaction; the RBC patterns that developed in diluent that contained albumin remained intact at 4 or 23 C for 48 hr. Dextrose (0.5%) stabilized the RBC against hemolysis. Based on these findings, a diluent consisting of albumin, dextrose, gelatin, Ca+, and Mg+, in phosphate-buffered saline, referred to here as ADGP, was developed.
The pH of the diluent had a critical influence on the HA reaction, affecting not only the titer of the HA preparation but also the appearance of the erythrocyte agglutination pattern. ADGP at pH 6.3 resulted in significantly higher HA titers for a given preparation than occurred in ADGP at pH 7.0 or in the other buffers tested at pH values of 7.0 to 8.0 (Fig. 2) . Although HA titers in DGV (pH 6.3), were comparable to the titers in ADGP at the same pH, the agglutination pattern developed more rapidly and was much easier to interpret in ADGP; in ADGP the patterns were coarse, granular networks of agglutinated erythrocytes. In control wells containing the same diluent, the RBC settled into discrete buttons. Because of these observations, ADGP diluent at pH 6.3 was used throughout the remaining experiments.
Other variables in the HA procedure were examined. Tween-ether treatment was found to enhance the HA titer and to stabilize the HA for prolonged storage. Both Tween 80 and ether were required to increase the HA titer. Peak titers were observed when the final concentration of the detergent in rubella virus preparations was 0.1 to 0.3 % ( Table 3 ). The amount of ether added to the virus-Tween 80 mixture was important; from 0.1 to 1.0 volume of ether enhanced the titer, but more than 1.0 volume of ether destroyed HA. After mixing equal volumes of virus-Tween 80 mixture and ether, the enhancing effect on the HA titer was maximal in 15 min. In many rubella virus-infected fluids, particularly from AGMK cell cultures, HA was detected only after the fluids were Tween-ether-treated.
Blood cells from chicks newly hatched and up to 48 hr after hatching were optimal for the HA and HI tests (Table 2) , and the highest HA titers developed when 0.15% suspensions were used and when the tests were incubated at 4 C, confirming the findings of Stewart et al. (12) .
Rubella virus is known to agglutinate RBC from sources other than chickens (7, 9, 12) , but this was not investigated at this time.
All the conditions found to be optimal for the HA test were suitable for the HI test. Occasionally a two-to fourfold higher HI titer for a serum developed in ADGP than the same serum titration in DGV or BABS (Table 5 ). This may have been due to the significant improvement in being able to distinguish between the granular erythrocyte patterns of the HA-positive wells and the erythrocyte pellet in the wells containing HI antibody. When DGV or BABS was used as diluent, the diffuse RBC patterns in the wells containing HI antibody were frequently difficult to distinguish from the partial agglutination patterns in the HA-positive wells. No differences in the HI titers of sera were noted, whether the RBC suspension was added to the virus-serum mixture immediately, after 1 hr, or after an overnight incubation at 4 C ( Table 6 ). The titer of HI antibody was adversely affected when the virus-serum mixture was incubated at room temperature or at 35 C before the RBC suspension was added.
Other investigators have reported improved HA and HI titers when the pH of the diluent was between 6.0 and 6.5 (6, 7, 11) . The problem of false-positive HI reactions and unstable agglutination patterns reported to occur at these low pH values may have discouraged the routine use of low pH diluents; however, neither of these objections was substantiated in the study reported here or in an earlier report (3) .
Based on these findings, the following method is recommended for the HI procedure. First, it is essential to remove the nonspecific inhibitors of rubella HA from serum with either kaolin or manganous chloride-heparin. The manganous chloride-heparin treatment is the preferred method for the reasons previously discussed in detail (2, 4, 10). After manganous chlorideheparin treatment, the serum is diluted 1:4 with ADGP to reduce the high density of the manganous chloride which prevents the erythrocytes from settling in lower dilutions of the treated serum. The 
